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THE ST,~ILITY OF THE LOW DEGREE FIVZ MINUTE SOLAR OSCILLATIONS

Russell B. Kidman and Arthur N. Cox
Theoretical Division, Los Alamos Nltional J,aboratory
University of California
Los Alamos, NM 87544

In this paper we discuss the decay rate for many of the low degree
p modes observed as 5 ❑inute oscillations of the sun. This report is an
●xpanded version of the presentation at Snowmass. These theoretical
results use the completely nonadiabatic linear theory of Saio and Cox
(1980), Our solar ❑odel is based on the evolution results of
Christensen-Dalsgaard (1982). Equation of state and opacity data come
from the Los Alamos Opacity Library of Huebner, Merts, Magee, and Argo
(1977). We compute decay rates for ❑odes ranging from radial (JkO) to
the nonradial ones with 1=5 for overtones 10 tl.rough28.

Parameters needed for our solar model are given in Table 1.
Figure 1 shows the hydrogen mass fraction composition structure. Also
given on the figure is the structure 8iven by Christensen-Dalsgaard
(1982) for :In evolved solar model. Our special ●quation of state ●nd
opacity tab”,e with X=0,74 for the hydrogen mass fraction in the outer
0.40 of the mass needs slightly more hydrogen in the central regions
than obtained by Christen6ien-Dalagaard in order to give a complete and
consistent model. The difference in helium production between these two
models is about 10%, meaning that the total ●nergy radiated by the sun
during its lifetime thus far agrees aatiefactorily with accurately
calculated evclution sequences.

TABLE 1

sOLAR MODEL:

Lunlnoalty

Me-m

Radlua

Surface tmp.rmture

Central Lmpernlura

Cenlrml density

Surfmce X, Y, Z

Cantral X, Y, 2

[)epth Of convacllon mono

Tmw. ●l bet. of convac, ao~e

Conlral ball

Surface zont rrmmm

3.90x10’D ●rg ■ec-’

I taoxlo~o ~

0.055110’. an

6,8x1O’ K

l,Slx10’ K

122,3 g un-o

0,740, 0,s!40, 0020

0.460, ob30. 0.020

o,3e~ (0,043MO)

ft 60n10b K
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Figure 1. The hydrogen mass fraction of the composition, X, is plotted
versus interior mass fraction of the solar model.

Figure 2 is a plot oJthe logarithms of temperature (K), opacity
(cm2/g), and density (g/cm ) for our model versus the logarithm of the
exterior mass. The very high opacity over the outer 4% of the mass
produces a very deep conwct.ion zone. The rapid rise of temperature
just cooler than 7,000 K requires a small dell~ity inversion to give the
proper run of pressure to ❑aintain hydrostatic balance, The ratio of
mixing length to pressure scale height for all ~he convection zone is
1.5.
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Figure 2. The temperature, opacjty, ~nd dena~ty struct.urc of thr sun is
plotted vcraua the logarithm of the exterior mans fraction.
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Solution for the eigenvalues and eigenevectors for the nonradial
modes is made for all six of the Dziembowski (1971) veriables which have
both real and imaginary parts. Figure 3 gives the central variations of
y , the Lagrangian variation of the mass shells in the radial direction.
Tie imaginary part, which indicates the variation structure at the mean
radius phase of the pulsation as contrasted with the real part applying
to the time of the maximum expansion for these linear sinusoidal
motions, is very small. This means that the oscillations for this p23,
2=2 mode are very adiabatic. There is little phase change for these
lobes which gives essentially standing rather than running waves.
Figures 4 and 5 give this same radial variation structure in the outer
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Figure 3. The central variations of the real and imaginary parts of the
radial component of the p g=2 oscillations are plotted versus radius
fraction. At x=O.2, 30% o?the solar mass is interior. Only 6% of the
mass is interior to x=O.1. At x=O.4 the interior masa is 75% of the
model mass.
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Figure 4. The radial component real ●nd imaginary parts of the p23, Q=2
oscilletfonn ●re plotted for the out-r 10% of the radiua.
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Figure 5. The “,adial component real and imaginary parts of the p23, 1=2
oscillations are plotted for the outer 1% of the radius.

10% acd 1% of the radius. Only at the surface is there any phase change
of the real and imaginary parts of this variation, and there also is a
aigniiicant nonadiabatic effect. At the very surface, the usual normal-
ization gives unity for the real part. and zero for the imaginary par~,
Damping of this mode is related to this feature of the elgensolution,

and it is discussed below using the derived complex eigenvalue.

Periods for many modes are given in Tables 2 to 7, respectively,
for J2=0 to 5. Modes p

‘0 ’28
frequencies are listed together wit}, ~hr

frequencies observed d; Harvey and lluvall (1983). The listed periods

and frequencies are from the adiabatic solutions, and the few I.IHZ cor-
rections to get the nonadiabatic periods are also given for each mode.
Decay rates are calculated by taking the ratio of the imaginary and real
parts of the eigenvalue and multiplying thi5 ratio by 4n. It is also
possible to integrate the P-V loops that all these Lagrangian zoI~cs
traverse ●ach cycle to get the work dofw by or done on these zones each

Cycle. The sum over all the mass zones agrees well with the decay rate
der~vcd directly f’rom the elgenvalue component rutic. For ench mode the

decay times are given in terms of the number of c}-clefi and in LPrmfi of

the real time.

Our calculations were done with only 329 maus shrl]~ and thr
central ball. These 330 zones are not quite ennugtl to define well t;lc
●igrnsolutions, and wc get frequencies 1.3 LO 2.5% LOO large compared
with the observed frequcnclea. Src Figure 5 whrre a cornpnrison of our
frequencies with those Of Shi,b~l,n&hi eL &l . (cusrnLial]y thr ohfirrvrd
ones ) iB made. This trend indirtiLeN a zoning ● rror, brcausc {L
decrease~ with increasing resoluLlon of Lhr pulNation mode rIIId iLR rigen-
~olutions. Our optimum zoning haN veLy fine mass shells down to r+ dcpLII
of 3.5 million kelvin. In thiN ouLer reg{oll Lhc ternprruturr {ncrra~es

only ahouL 3% per zone. in thr drrprr layrr~, the 100 Il,ore ZOIICS have n
mam~ ratio from zone to zonr of 1.003. Wr rstjmate mnyl)r 100 morr care-
fully placed zo~les could glvc adrqualcly accufn(e prrlodR. Chlr actual
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frequencies should not be accepted for
rates listed in tbe tables should be well

TABLE 2

high accuracy, but the decay
determined.

$

periods, froquoncios and dmcau ratoa

docsu bu ●

626.895
573,397
532.832
497*51e
466.249
438.540
414.1’?5
392.e9F!
372.124
::; ● :;;

322:317
308.399
295.583
283s583
272,492
262.244
252.677
243.?31

:;:::$

1876.8
2el@.e
2144.8
2280.3
2414.4
2sse ● 4
2687.3
f:::::

3:02.S
;:;: ::

3526.3
3669.8
3813*2
395? .6
4102.9

697,?45
S60.9’12
S21,033
486.*i@3
4ss.839
428.939
4@5 .383
384, a77
365,917
347.465
331,336
316.638
3@3.987
290 *779
279,264
yg ::::

249.2S2
24@.S63

-1s.s9
-11.97

-9.62
-8.13
-6.83
-s ● 92
-s.91
-4 ● 34
-3 ● 99
-3, 7s
:::::

-3 ● 39
-3.19
-3.16
-3.24
-3.39
-3.40
-3*7e

e.e
@.@
O.e
@.@
9,9
9.9
006
909
9.0
eoe
0.0
9.0
0.0
9*9
909
6.0
6.0
eoe
9.0

18330 ● 7
8378.6
4294 ● 2
2481.6
1483.9

933 ● 4
697,0
429 ● 3
33@ ● 4
269 +S
a27 .6
191*9
167ea
144*7
132.9
120.6
169.4
105.4

97.7

TABLE 3

porlods, froquonclcs ●nd doca~ r-t-s

1645.4
1782,7
1919,3
29S6 .8
E!93+8
8331.4
2466.8
a6ea. 3
2739 *6
y;;:;

31s8.2
3e99.4
3439.0
;;:8::

3866,6
4@12.@
41S6.9

-.S8
-,s9
- ,s4
. .s4
-+58
-*66
-080
-.93

-1.99
-1,26
-1,48
-1.73
-a, 0a
-e ● m
-2 ● Ss
:::::

-3.41
-3,76

timo
(da%s )

I:;.:!

26:48
1::::

4.74
2.91
1*95
1.42
lie

.89
,72
,60
, se
,43
,38
:;:

28

froqumnc
‘v

number of
( uhx

e.e
O.e
000
0,0

~161+9
8a93. e
a4a7.e

0,0
000

a828.@
a96E,0
3098,0
3233,9
3368,0
3S06 .9
3641,@
3779 *e
3917.e
4068,9

cuetos

13691,4
C376.6
3384.0
1994*?
121?.8

76S .3
S26 ,7
38S .9
39@ .8
:::.3

180:4
167.3
14a00
188’6
116.4
i0800
i9ac7

96*8

tin,
[daUs)

95.67
41.49
ae.41
ii.2a

8*4E
3.8@
y~

t:a7
l.al

.81
● 66
. 6S
,48
.42
.36
.32
a30
● e7
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TABLE 4

●diabatic non-a
--

moasurmd
Doriod freuuoncu intro froquwtcu number of
“ (Sot)

S88 . 8~4
544 ● 902
597.211
4?3 .968
444 ● 909
419.299
396.41?
3?5 ● 999
3S7 .558
340.615
;:: ● ::;

297: ?90
285.664
274.496
264.109
254 ● 538
245.4?9
237.e19

1698.4
1835.2
1971.6
2109.8
2247.7
2384.9
2522.6
2659.6
2796.7
293s *9
;:;:::

3358.1
3500.6
3643.0
3785.2
3928.7
4073.7

●41
.34
● 30
.26
● 22
●12

-.00
-.14
::;:

-.74
:;.::

-i:57
-1,87
-1.54
-2 *52
-2.92
-3.32

“(uhzl

O.e
e.e
O*@

2983 .@
2222*@
2352 .@
2487.0
2620.0
2757.0
2899.0
3@24 .0
3161.0
3295 ● 0

356! :;
3793 ● o
3840.9
3980.0

0.0

Cuctos

9061.5
4$)13.6
2740.5
1629.9
i em ● 5

:::: f

3i’5 ● 4
277.6
23’4 ● 3
196.9
170.4
147’.1
135.2
123.6
N:::

99.4
92.8

TABLE 5

S71 .766
S29.913
493.873
462. 34@
434.513
410.2a5
388.319
368. 46@
350 ● 527
334.074
:::: ;::

292 .%5
281.919
270.083
260.026
250.565
a41 .792
233.600

174900
1887. i
2024,8
e$62.9
a30i,4
2437, ?
267S ,2
2714,0
e852.8
e993*3
3133.8
3274.9
3416.2
35S8 . S
3702.6
3846.8
3991*9
413S,8
4289.8

-.12
-.97
-*97
-.98
-.12
-.18
-*29
-.42
-.S6
-.74
-.9s

-t. i9
-1.47
-1,75
-a ● 96
-2 ● 39
-2 ● 47
-3.90
-3.38

t+imm
(dqjs)

67.89
3$.99
16.09

0.89
5.20
3.12
2.07
1.s0
1.15

;::

.61
●5i
● 4!5
● 39
.34
.32
● 28
● 25

0.0
@o@
Ooe
900
0.0

%408 ● e
2s42 ● e
~677.O
28iE! 0
%948 .@
3982.@
32i909
33s4.@
3491.0
3628.0
3763.e
39e4*e

0.0
0.0

7467.2
3847.3
2a35 .7
i34@.2

849.4
6s9. a
4e@ *9
310.6
257.3
ei7.i
184.4
16i.O
y:.:

117:7
i08.a
1::.:

90:9

49,42
23.66
iZ.78

7*I7
4.23
2.66
1080
1.32
1.94

.84
● 68
*67
048
.42
● 37
.33
● 3e
*27
*26
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4 10
4 11
4 12
: ::

4 15
4 16
4 17
4 18
4 19
: ::

4 22
4 23
4 24
4 25
4 26
4 27
4 28
*

mriod frmauoncu lncro froguoncu number of

s IQ
5 11
5 12
5 13
6 14
5 1s
5 16
5 17
6 18
5 19
6 29
s 21
s 22
s 23
5 24
s F%
6 26
s 27
S 28
$

“ (sac)

557.147
517.es4
482.165
4s1 . 9e6
425 ● 186
4el .713
380. 7S4
361.671
344.215
328.227
313.662
SW. 227
287.973
yg : y:

2S6 .241
246.976
238.372
23e. 338

‘(uhzl fuhz)

1794.9 -.32
i934.e -es
2e74ee -.22
e2i2.8 -.e4
2351,9 -.29
2489.3 -.37
2626.4 -.49
2764.9 -.62
29e5.2 -.77
3e46*? -*95
3iaa.i -1.18
3339.8 -1.44
34720s -1.68
361S.1 -1.96
3759*1 -2.31
3992.6 -2,58
::;::y -2.91

-3.29
4341.4 -3065

‘(uhzl

@.@
iwaea
20s2 ● e

e.e
9.0

2323.@
2459.0

O,e
2728.9
2866,0
3eee ● o
313a*e
3272.9
3499 ● e
3545, e
3683 ,@
382i.e
3962,9

eee

Cucha

5869 ● 3
3126.2
1838.4
1125.7

796. S
490.8
364.8
a06 .6
24e.6
aei*9
173.6
150.5
13709
laso2
112.9
le607

9909
93.4
08.4

*46
● 35
● 32
● 89
● 26
.24

TARLE 7

porlods. froquonc.tos ●nd docav rata~

d~cmu h ●

543. ?63
S95 .486
471.871
442.6el
41G.968
394.@88
373.676
355 ● 871
338.341
322.577
3e5.7ie
a95 ● 69e
283.586
2?a, 157
26a .192
;::::::

235. eS6
22? . H6

sdlabatic
froq~:::

Y

;a3~.e
i978.3
%11902
8259.4
2398.3
;:;;:;

%814.8
896s.6
3e97.2
3a39 ● 3
3381.9
3S26 .3
3670.3
3ai4*o
39S8.6
4ie4.3
4ese*7
439909

non -8
Anc,ro
(uhs )

-.37
-.31
-.28
-.3e
-.36
-.46
+:

-.89
-1.10
:::::

-1.ss
-a. 14
-8.49
-a. 73
-3011
-3,48
-6 *83

o.e
1963.0
8ie0.0
aa3s.e
%271.0
iws 00
a641.O
a777. o
8914*O
30s0 ● o
318?.0
3384..
3460.0
3s9? ● o
373300
387~ ● :

●

:::

4739,6
862100
1s41.7

967 *2
6iao0
43a.a
332.0
a68 ,6
fg: ::

16601
y:::

180.3
t99.3
l:;::

9too
86,0

tlmo
(dqp )

29,83
l::~;

4.9e
%.96
1.97
1.44
solo

● 89
.71
, S9
,49
.43
.38
● 33
.31
● 87
cUs
●%3
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Figure 6. The mode frequency error, as jud~ed from the Shibahashi et al.
values, is plotted versus the mode frequency.

A comparison with observations seems to show reasonable agreement
with our predictions. The width of the peaks in the power spectrum
indicates a decay rate, which is perhaps a matter of days. The coher-
ence of modes over timescales of a month or longer ❑ight mean that the
mode is reexcited in its existing phase, or it might refer ❑erely to our
predicted longer lived modes, Decay rates are faster fot higher frequen-
cies beCdUSe they refer to smaller-scale structures which can more
easily gain and lose ●nergy during an oscillation.

Figure 7 shows the work over each pulsstion cycle for the outer 30
zones down to a depth of 12,000 K. Actually, the opacity library does
not give data for such low temperatures, and the opacities and equation
of state are obtained v-mr this region by use of the Stellingwerf
(1975ab) ●nalytic fit. The photospheric damping, always assuming a
radiation diffusion structure, down to depths of about 40 Rosseland mean
opacity mean free paths is the main damping of the solar oscillations,
Zone 317 is at ~=10, zone 319 is ●t T=5 and zone 324 is at ~=1. At
least half of the damping occurs where our diffusion approximation is
valid. The y and I(effects of the hydrogen ionization region give some
deeper pulsation driving, but ;t is not ●nough to self-excite the solar
oscillation. The convection zone is neutral because we assume, as is
usually done, that the convective flux is frozen at its equilibrium
value. Deeper than 10,000 K the very small radiative flu% is still
modulated, but no more hydrogen or helium drivin~ is significant.
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SOLAR MOOEL (L-2 M-23)
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zone
Figure 7. Damping and driving regions of the surface layers are plotted

for the outermost 30 zones.

Our conclusions are that all solar 5-minute modes of low order are
damped with widely varying rates which increase with-l~equency. These
nonadiabatic effects are confined to the outer 5 x 10 of the mass and
the outer 3 x 10-4 of the
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